Abstract-The phenomenon of multiple pre-strikes of the arc was observed in field measurements of the energization of a single 4.8 MVAR, 13.2 kV capacitor bank. This paper presents field measurements records and the results of the computer simulation of the transients when energizing the capacitor bank, carried out in order to calculate the over-voltages generated in remote points. A method to avoid the phenomenon is proposed.
I. INTRODUCTION
n utilities it is common the use of shunt capacitor banks to provide voltage support due to the lack of an adequate power transmission system. The size and location of this capacitor banks are usually based on load flow studies, and sometimes the necessary amount of MVAR must be divided in two or more modules in the same busbar, to provide a better regulation of the bus voltage.
The energization of a capacitor bank, when one or more banks are already in service in the same bus (called 'Back-toBack' capacitor switching), is one of the cases when the main transient is the overcurrent that flows between the circuit breaker and the capacitor banks, and not the overvoltages in the buses.
This current between circuit breaker and capacitor banks is only limited by stray inductances in the circuit, and if countermeasures are not taken, this current can be of high amplitude and/or frequency. To avoid damage of circuit breakers and/or capacitors, the standards impose limits to the amplitude and frequency of this current, and it is generally necessary to insert an inductance in series with the capacitor banks to meet the requirements of the standards.
In other cases, a single capacitor bank is installed on the bus because it is enough to provide the adequate voltage support. In this situation the insertion current is normally limited by the inductance of the source, and then no limited inductance is normally necessary.
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1-4244-0288-3/06/$20.00 (©2006 IEEE tance) is, there are also connected several cables, overhead lines or both combined, (together with stray capacitances of other equipments on the bus). In this situation, the equivalent capacitances of these elements work as a 'small capacitor bank' and then the insertion current when the single bank is energized, can have similar characteristics of Back-to-Back energization, and a current component of high amplitude and frequency flow between the circuit breaker and capacitor.
A. The multiple prestrike phenomenon.
Practically in all cases, when a capacitor bank is energized, the arc current is established in the circuit breaker a short time before the mechanical contact closure.
This phenomenon, named 'prestrike', is very complex and difficult to predict. The currents and overvoltages that are produced depend on many factors, like circuit-breaker characteristics, dielectric properties, surge impedance of the involved elements, high frequency current interruption capability and pole scatter and point of wave of closing.
The prestrike produces current and voltage waves that flow by cable/lines to the load where reflection takes place. The reflected waves return to the breaker terminals, and the current that flows as an arc across the closing contact gap can be then of high frequency. The prestriking arc may then be interrupted at or near a current zero, depending on the rate of change of current as it passes through the current zero.
If interruption does occur, the dielectric strength will recover until the voltage across the contacts overcomes again the dielectric strength of the decreasing gap. The process may be repeated several times until the contacts touch, and numerous high frequency current zeros can occur.
SF6 circuit-breakers are generally unable to interrupt high frequency current, and usually only a single prestrike transient occurs. However, some authors [1] agree that few prestrikes (one or two) may occur on closing an SF6 contactor under certain conditions.
Vacuum circuit breaker, however, has the ability of interrupting high frequency currents in each crossing through zero, so it is possible to find many prestrikes in the short interval between the prestrike of the arc and the mechanical closure of the contacts. This phenomenon is named 'multiple prestrikes', and the number of prestrikes depend on the interruptible di/dt of the vacuum circuit-breaker, on the rise rate of the voltage across the contacts when the current is interrupted, and on the 2 dielectric profile of the closing contacts.
The process is similar to the phenomenon of multiple reignitions in the opening of a small inductive load, however the prestriking process occurs during circuit-breaker closure when the dielectric profile of the closing contacts is decreasing. Thus, the magnitude of prestriking transient wavefronts is limited to a progressively decreasing envelope.
The phenomenon is quite old. In 1969, Boehne and Low [2] reported severe transformer damage due to the energization of a capacitor bank by a vacuum circuit breaker, and in 1993, Fu and Damstra [3] carried out experimental and digital simulations to evaluate the role of circuit parameters and arrangements on the severity of the prestriking overvoltages. In [4] , Henriksen and Brede reported an observation of 5 to 9 p.u. overvoltage at the open end of a 3 km line, connected at the same bus when the capacitor bank was energized.
It is concluded in [3] and [4] that severe prestrikes overvoltages can be generated at the end of lines with a critical length, connected in the busbar where the capacitor bank is energized. The critical length of this overhead line is when the resonance frequency of the line is coincidentally about the same as the repetition frequency of the prestriking pulses in the busbar voltage.
This paper describes the transients due to this phenomenon found in the field measurements of the energization of a 4.8 MVAR, 13.2 kV capacitor bank where four overhead lines of different lengths were connected, and the digital simulations performed to estimate the overvoltages on remote points of these lines.
reasons. Then, the measurement equipment was not calibrated suitably to register the high frequency current expected for this phenomenon. In addition, by operation restrictions, only two operations of the capacitor bank could be made. Fig. 1 .
From the 132 kV network, several loads on 33 kV and 13.2 kV voltage level are fed through a 15/10/15 MVA, 132/33/13.2 kV transformer. The 13.2 kV winding is in delta connection, and an artificial ground is provided by a zigzag transformer.
On the 13.2 kV winding of this transformer there are four feeders that have a first cable section of about 200... 300 m, and then continue with overhead line. The total length of the lines, from the 13.2 kV busbar to the most remote station is 4.7 km, 10 km, 7.6 km and 11 km, with some derivations to connect intermediate loads.
In this busbar, it is also connected the 4.8 MVAR capacitor bank under study that does not have a limiting inductance, and it is operated by a vacuum circuit-breaker.
III. FIELD MEASUREMENTS
For the measurements of the transients, due to operation of the vacuum circuit breaker, a high speed recorder was used, connecting the equipment inputs to the secondary windings of bus voltage (TV) and currents measurement transformers (TC) of the station, it is, not special TV or TC is used.
These measurements were not specifically performed for the recording of multiple prestrike phenomenon, but for other Unfortunately, the TVs do not have an adequate frequency response, and the registers of the high frequency bus voltage records are not useful.
However, the frequency response of the TC is adequate to register accurately enough the circuit breaker current when energizing the capacitor bank.
The measured circuit-breaker current in each phase is shown in Fig. 2 (a) pulses, because the overvoltages generated at the end of the lines will depend on this.
Some data parameters are known, but values of stray inductances and capacitances will be deduced by adjusting the simulation results to the field measurement records.
1) Network supply
The network supply is represented by an equivalent impedance according to the short-circuit power on the 13.2 kV busbar. From power flow studies, a value of 300 MVA is adopted. 
IV. DIGITAL MODEL
For the simulation of the phenomenon, a digital model of the system was built by using the ATP (Alternative Transient Program), a program used world-wide for the calculations of electromagnetic transients in power systems. The Atpdraw program (a graphical pre-processor for the ATP) helps us to build the model, which is shown in Fig. 3 A. Digital Model Description.
The main goal of the digital model is to reproduce the best possible amplitude and frequency of the circuit breaker current, and also the repetition frequency of the prestriking 2) Cables and overhead lines. Cables and lines were represented by distributed parameters with Z7=336 Q and v=297 m/pts. Frequency dependence of the parameters is not considered.
3) Capacitor Bank. Capacitor bank is represented by a capacitance C of 80.2 iF and an inductance Lp in series to consider internal stray inductance of the capacitor and also the stray inductances of the connections between the capacitor bank and circuit-breaker. 4) Vacuum Circuit-breaker. The vacuum circuit-breaker was modeled by means of a simple switch that can close and open several times. The switch closes at the instant when the voltage between contacts exceeds a threshold value and opens when the current crosses through zero.
Neither special models of the arc in the circuit breaker nor control model of the closing and opening of the switch was used, due to the difficulty in getting data for these models.
The decision to close or open the switch is made by inspection of wave shape of the current for the circuit-beaker when it is closed, and the voltage between contacts when it is open. 5) Other equipment At the end of the lines, no load or transformer models were included in order to consider the worst situation. Nor surge arresters were modeled.
B. Getting Data ofStray Components.
When this high frequency current is interrupted by the vacuum circuit breaker on its first crossing through zero, the transient recovery voltage (TRV) between contacts will grow with In order to get values of the TVR rise rate that are in agreement with the field measurements, a value of approximately CS=200 nF is needed. This is considered a reasonable value for all stray capacitances of the equipment in the 13.2 kV busbar of the station.
The amplitude and frequency of the high frequency component of the current in the circuit-breaker when the prestrike occurs will depend strongly on the stray capacitance Cs, the number of cables connected to the bus and the stray inductance Lp.
Then, in order to get values of high frequency component of current that agree with the field measurements, we need a value of 50jH for Lp, which is considered reasonable.
[A] 
V. DIGITAL SIMULATIONS RESULTS
By means of the digital model and the calculated data parameters, the simulated circuit-breaker current when energizing the capacitor bank is shown in Fig. 4 . The delta time used in the simulations is 0.1 ts, so it is possible to see in detail the current waveform.
We consider that results of current amplitude, frequency and repetition frequency of prestrike pulses obtained by the digital model and data parameters, reasonably agree with the field measurements, taking into account that the phenomenon under study (overvoltages in remote points) will depend principally on these magnitudes. The damping is smaller in the simulations because the dependence of the parameters on the frequency was not included in the model. Then, it is possible to inspect the overvoltages generated by the multiple prestrikes at the end of the lines, and also at intermediate points. A method to limit the multiple prestrikes and the overvoltage that this phenomenon will produce is proposed in [2] and consists of the installation of an extra inductance in series with the capacitor bank because, as it was mentioned before, the amplitude and frequency of the high frequency component of the insertion current will depend on stray capacitances and inductance at both sides of the circuit-breaker Incrementing artificially the inductance will reduce both magnitudes of the current, and with the selection of an adequate value, it is possible to avoid the crossing through zero of the high frequency component of the current, so no interruption of the current will occur between the prestrike of the arc and the mechanical closure of the contacts.
By repeating the simulation, but with this extra inductance in series with the capacitor bank, a value of at least 100 pfH meets the requirements to avoid the crossing through zero of the current, so no multiple prestrikes will occur, as it is shown in Fig. 6 . The overvoltage at remote points will also be reduced. Fig. 7 shows the same case of Fig. 5 , but with the additional inductance.
VII. CONCLUSIONS The phenomenon of multiple prestrikes was observed in field measurements of the current when energizing a single 4.8 MVAR, 13.2 kV capacitor bank. (filetdZ206_9c p14 war t) N,NO3 A-BANCA cNO13_BANC_P cNO13 C-BANGCCA Fig. 6 The simulated circuit-breaker current when energizing the capacitor bank with 100 pfH series inductor.
Digital simulations were performed through ATP by using a simple circuit model of the system, and the results of the current through the vacuum circuit-breaker obtained by this model are reasonable according to the field measurements, in relation to the phenomenon under study.
The digital simulation of the multiple prestrike transients with this model allows us to obtain an estimation of the prestrike overvoltages generated at the end of the overhead lines. The expected overvoltages are of an amplitude of 3,3 p.u., with a rate of voltage change of approximately 6 kV/ts. These results do not imply an immediate danger for the facilities, however, as the bank is operated with a daily frequency, it is recommended the installation of a limiting inductance in series with the capacitors, in order to avoid or reduce the multiple prestrike phenomenon.
This also will reduce the amplitude and rise rate of the voltage at the end of overhead lines, and therefore the aging that this would produce on the windings of the transforming in remote stations.
By means of the digital simulations performed, it is verified that a value of 100 pfH is enough for this purpose.
